Cataracts are the second leading cause of blindness and visual impairment worldwide, and they could affect 38 million people in the United States by 2030.[@bib1]^,^[@bib2] Over 3.6 million surgical cataract extractions are performed yearly in the United States.[@bib3] Immediately after an uneventful cataract extraction and intraocular lens (IOL) implantation, about 15% of patients report seeing a dark shadow in their far temporal field, a form of visual field vignetting.[@bib4] The cause of this negative dysphotopsia (ND) is unclear.[@bib5]^,^[@bib6] Persistent ND remains in 2% to 3% of patients (about 16,000 annually).

Evidence indicates that the dark shadow is created by reduced retinal illuminance in the far nasal retina because light from the far temporal field can miss the IOL and arrive anteriorly on the nasal retina or on the visually insensitive pars plana region of the ciliary body.[@bib5]^--^[@bib7] The posterior location and small size of typical IOLs have been implicated as the source of this far temporal field ND.[@bib8]^,^[@bib9] An absence of ND postoperatively has been attributed to axial separations between the iris and IOL being either too large or too small,[@bib5]^,^[@bib10]^,^[@bib11] large pupils,[@bib5]^,^[@bib12] or insensitivity of the far nasal retina.[@bib12]^,^[@bib13] Its disappearance in most of the initially symptomatic eyes may reflect neural adaptation[@bib14]^,^[@bib15] or changes in IOL and/or iris location.[@bib11]^,^[@bib16] The larger phakic lens and the absence of any gap between the iris and phakic lens ([Fig. 1](#fig1){ref-type="fig"}A) ensure that even rays from the far temporal field are refracted by the lens and imaged onto the far nasal retina.[@bib5]^,^[@bib8]

![Schematic illustration of the iris and lens as viewed from the far temporal field (*left*) and the corresponding traces of far temporal ray bundles (*right*) in phakic (**A**), pseudophakic (**B**), and phakic eyes with the annular opaque contact lens (**C**). Notice that the two apertures (contact lens pupil and eye pupil) are laterally displaced (parallax effect) due to the axial separation between them. A sample eye with the opaque annular contact lens was imaged using a slit-lamp video system from different temporal angles after pupil dilation (**D**). The extent of the nasal and temporal retina was drawn based on histology data from the Curcio et al. study.[@bib39]](iovs-61-5-24-f001){#fig1}

Peripheral image vignetting is not unique to post-cataract surgery eyes. Prior clinical and modeling studies have reported a reduction of visual field extent in eyes wearing contact lenses with opaque peripheries.[@bib17]^--^[@bib19] Also, the opaque annular intracorneal inlay (KAMRA; CorneaGen, Seattle, WA, USA)[@bib20] attenuates image ray intensities in the mid-peripheral visual field.[@bib21]^,^[@bib22] In pseudophakic eyes, vignetting of the peripheral retinal image is caused by incorrect imaging of the far temporal rays that have passed through the pupil ([Fig. 1](#fig1){ref-type="fig"}B), whereas in the corneal plane examples (contact lenses or corneal inlay) vignetting is due to an opacity preventing these rays from entering the anterior chamber ([Fig. 1](#fig1){ref-type="fig"}C). Both scenarios can produce reduced retinal illuminance in the far nasal retina, and in both cases the retinal location of the peripheral vignetting will be approximately stabilized because the optical causes (IOL, inlay, or contact lens) will move with the eye.

The goals of the current study were to develop an experimental model of far nasal retina vignetting and far temporal field ND in phakic eyes and to examine the relationship between ND and visual sensitivity. We developed a psychophysical ray tracing paradigm in order to make direct comparisons with wide-angle model eye ray tracing. Wide-angle model eye ray tracing provided an accurate replication of the real eye psychophysical data.

Methods {#sec2}
=======

Far Nasal Retina Vignetting in Pseudophakic Eyes {#sec2-1}
------------------------------------------------

Rays entering the phakic eye from the far temporal field are imaged onto the far nasal retina ([Fig. 1](#fig1){ref-type="fig"}A, black rays), resulting in full retinal illuminance.[@bib23] In the pseudophakic eye, due to the axial separation between the iris and IOL, some rays miss the IOL and arrive at a more anterior location of the nasal retina or ciliary body ([Fig. 1](#fig1){ref-type="fig"}B, gray and black rays). This anterior shift of the rays missing the IOL is reported to be between 10° and 15°.[@bib24] Therefore, in pseudophakic eyes, regions of the far nasal retina may contain a mixture of rays that have missed the IOL and those that were imaged by the IOL.[@bib5] The proportion of rays missing the IOL depends on the anterior chamber geometry and pupil size.[@bib5]^,^[@bib12] With small pupils and typical axial separations between the iris and IOL, most of the temporal field rays (up to 70° or so) are imaged by the IOL, but a majority of rays originating from beyond 70° in the temporal field can miss the IOL.[@bib5]^,^[@bib12] For a narrow range of IOL and anterior chamber geometries (e.g., axial separations between 0.1 and 0.5 mm) and with small pupils (e.g., 2.5-mm diameter), rays that miss the IOL will be restricted to temporal field angles within 10° to 15° of the far edge of the field.[@bib5] For this set of conditions, the far nasal retina will experience a large drop in retinal illuminance because the rays that miss the IOL will arrive anterior to the edge of the functional retina.[@bib5]^,^[@bib24] This causes an illumination gap on the far nasal retina which is a form of image vignetting that is perceived as a dark shadow by those patients experiencing ND. With large pupils and/or larger axial separations, rays that miss the IOL from smaller field angles illuminate the far nasal retina, preventing the formation of a dark shadow.[@bib12]^,^[@bib24]

Experimental Model of Far Nasal Retina Vignetting {#sec2-2}
-------------------------------------------------

As an experimental tool to investigate the perceptual consequences of reduced illumination in the far nasal retina, we created an experimental vignetting model using soft contact lenses. The soft contact lens had a clear central zone (5.5-mm diameter) surrounded by an opaque annulus (12-mm outer diameter), which is axially separated by the anterior chamber from the iris plane. Ray tracing a model phakic eye with this contact lens shows that the rays originating in the far temporal field were blocked from entering the iris pupil and thus reaching the far nasal retina (black rays in [Fig. 1](#fig1){ref-type="fig"}C). The opaque annulus in the contact lens, therefore, reduced retinal illuminance in the far nasal retina, mirroring the reduction in nasal retinal illuminance that causes ND in a subset of pseudophakic eyes. The pupil of a phakic eye fitted with this contact lens is partially occluded at field angles between 50° and 70° ([Fig. 1](#fig1){ref-type="fig"}D), resulting in decreased illuminance at the far nasal retina, which drops to zero beyond about 80° (see [Fig. 8](#fig8){ref-type="fig"}). The optical origins of vignetting of the nasal retinal image are, of course, different between the model and pseudophakic eyes. In pseudophakic eyes with small pupils, the far nasal retina is dark because rays arrive more anteriorly at the visually insensitive pars plana; whereas, in the experimental model, the far nasal retina is dark because rays do not pass through the pupil. Unlike the pseudophakic case, our model will create nasal retina vignetting with both small and large pupils. The axial separation of two apertures that are coaxial and appear concentric when viewed from the fixation point creates a parallax shift when viewed from a peripheral field angle, and when the two apertures are completely non-overlapping (at very high field angles) no light will enter the eye ([Figs. 1](#fig1){ref-type="fig"}C, [1](#fig1){ref-type="fig"}D). Despite this difference, we believe the model provides important information about the origin of symptoms experienced by patients with ND.

Subjects {#sec2-3}
--------

Ten healthy phakic subjects 22 to 62 years of age (mean ± SD: 33.8 ± 11.8 years) with no prior ocular surgery or disease were recruited. The mean ± SD spherical refractive error and photopic pupil size in the right eyes were --1.80 ± 2.66 D (range, +1.50 to --7.50 D) and 3.96 ± 0.48 mm (range, 3.10--4.70 mm), respectively. Right eyes were fitted with the opaque annular soft contact lens, and all subjects experienced the dark crescent in the far temporal and inferotemporal field mirroring the ND reported by symptomatic pseudophakes.[@bib4]^,^[@bib25] To investigate the visual consequence of far nasal vignetting with the experimental contact lens, a subset of three subjects (two males and one female; 62, 44, and 22 years of age) participated and signed an informed consent document. The study followed the tenets of the Declaration of Helsinki and was performed in accordance with an institutionally approved human subject protocol.

Pupils were dilated with 1% tropicamide to suppress unwanted accommodation, which it does effectively, but the primary intent was to introduce a stable mydriatic effect,[@bib26] key to our experiments, and as such tropicamide is preferred over cyclopentolate. Dilated pupils provided the largest range of visible beam locations for the psychophysical ray tracing experiment (described below). After 30 minutes, dilated objective refraction was performed using a Grand Seiko autorefractor (WAM-5500; Shigiya Machinery Works Ltd., Hiroshima, Japan), and anterior segment was evaluated using slit-lamp biomicroscopy. The dilated spherical equivalent refractive errors of the subjects were +1.50 D, --2.50 D, and plano. Right eyes were fitted with opaque annular soft contact lenses containing the dilated spherical equivalent refraction. Soft contact lens assessment revealed well-centered fits in all subjects. With the left eye occluded, all testing was performed on the right eye with and without the opaque annular soft contact lenses.

Psychophysical Measurement of Vignetting {#sec2-4}
----------------------------------------

A custom psychophysical ray-tracing instrument (TTP: The Technology Partnership, Hertfordshire, UK) ([Fig. 2](#fig2){ref-type="fig"}) was used to measure the entrance pupil plane distribution of rays that reach the retina (and are therefore visible) and those that fail to reach the retina (and are thus invisible). Easily visible stimuli (66-arcmin circles of 630-nm light) were displayed at temporal field eccentricities up to 90°. Projection optics were used to produce a narrow beam (0.55-mm diameter) that could be translated horizontally across the pupil in 250-µm steps, and an incremental rotary encoder manipulated the test beam entry angle. Subjects were asked to fixate a small green (540-nm) test light and press a trigger button whenever they saw the red (630-nm) test stimulus in the peripheral field. Two cameras, one fixed on the fixation axis (Camera 1) and the other on the rotation stage (Camera 2) were used to monitor eye position. A bite-bar on a XYZ motorized translation stage allowed stable and precise positioning of the eye. A custom MATLAB (MathWorks, Natick, MA, USA) program was used to acquire camera images, control test beam parameters (brightness, position, velocity), and read input from the trigger button. A detailed log of all instrument controls and subjects' psychophysical responses with time-stamps was recorded and saved as a .txt file.

![The psychophysical ray trace instrument with its components. The fixation target and Camera 1 are on a fixed arm coincident with the fixation target, whereas Camera 2 and the test beam are on a linear translation stage mounted on a rotation arm. For every rotation arm position, the test beam (*red*) was translated in 250-µm steps from the temporal to nasal limbus (TN), across the pupil, and back (NT), as shown by the *red dashed lines* with arrows.](iovs-61-5-24-f002){#fig2}

Subjects were aligned to the instrument coordinate space using the XYZ translation stage, which brought the entrance pupil plane of the test eye to the focal planes of the cameras and into alignment with the center of rotation of the stage containing the test beam. This alignment was required to capture well-focused images of the eye and the test beam and to maintain the correct field angle of the test beam as it was rotated out from 0° to 90° in the temporal field. Neutral density filters with various attenuation levels (0.25 to 2.0 neutral density) were inserted in the test beam path to provide similar detectability (approximately 2 log units above threshold) of the test stimulus when displayed at different field angles. The test beam was translated horizontally from the temporal limbus, across the pupil, to the nasal limbus, and back in 250-µm steps. At each step, the test beam was turned on for 2 seconds, and the subject pressed the trigger button if the red stimulus was visible. Horizontal beam location and both horizontal and vertical pupil margins were continuously monitored and stored in order to correctly identify the actual beam entry position in the pupil plane. Detectability of the red test stimulus at each of up to 80 horizontal beam locations was assessed for beam entry angles of 4°, 50°, 60°, 70°, 80°, and 90° in the temporal visual field.

Offline analysis of the camera images (53 pixels/mm) required the user to load a video file and manually identify the location of the first Purkinje image, the test beam on the iris (when not passing through the pupil), and the nasal and temporal pupil margins on the first image. A 100 × 100-pixel region of interest around the marked Purkinje image was cropped to locate the center of the Purkinje image. The pupil center was calculated as the midpoint of the distance between the nasal and temporal pupil margins. Subsequent images were extracted from the video file with the same time-stamps as the psychophysical responses, and automated analysis was performed as follows: On each extracted image, a change in the Purkinje image position in the current image relative to the previous image revealed head (and therefore pupil) translations. From the pupil translation data, beam location was then remapped from instrument coordinates to pupil coordinates. [Supplementary Videos S1](#iovs-61-5-24_s001){ref-type="supplementary-material"} and [S2](#iovs-61-5-24_s002){ref-type="supplementary-material"} show the MATLAB image analysis of the video files from a subject for 4° and 80° test beam angles, respectively.

Visual Field Assessment {#sec2-5}
-----------------------

The extent of the right-eye visual field was measured using a Goldmann bowl perimeter displaying a size III stimulus with relative intensity of 4e. A skilled operator moved the target from the edge of the bowl (non-seeing area) toward the visual field center (seeing area) along each of the 24 meridians (0° to 345° in 15° increments) until the subject responded by pressing the clicker. The position of the first stimulus detection on the visual field was marked on a commercially available Goldmann scoring sheet. Two repeat measurements were performed in a random sequence along each meridian. In addition, subjects were asked to draw the extent and position of the perceived dark shadow on a Goldmann scoring sheet.

Visual field sensitivities in the right eye were measured using an Octopus 900 perimeter (Haag-Streit USA, Mason, OH, USA). Custom exams were created to measure sensitivities along two meridians at different eccentricities from the center: (1) horizontal (nasotemporal field), 70° nasal to 50° temporal in 10° steps, then 5° steps out to 90°; and (2) oblique (inferotemporal field, 330°): 10° to 30° in 10° steps, then 30° to 90° in 5° steps. Subjects fixated on a 0.43°-diameter spot and 10:00 position on a 5.4°-diameter ring while testing the nasotemporal and inferotemporal meridians, respectively. Luminance thresholds for detecting 100-ms presentations of size III white stimulus on a 31.4-apostilb white background were measured three times at each field eccentricity. The means and standard deviations for the sensitivities along the three meridians were calculated.

Ocular Biometry and Imaging {#sec2-6}
---------------------------

Three measurements of axial ocular biometry were performed using a LENSTAR LS 900 optical biometer (Haag-Streit USA). Anterior segment biometry was also acquired in the raw image mode using the anterior segment Visante OCT (Carl Zeiss Meditec, Jena, Germany).

Wide-Angle Optical Model of Negative Dysphotopsia {#sec2-7}
-------------------------------------------------

Wide-angle phakic eye models (four-surface) were constructed in sequential mode in OpticStudio 18.1 (Zemax, Kirkland, WA, USA) for the right eyes of each subject using the ocular biometry data. Briefly, images from the Visante OCT were corrected for distortions,[@bib27] and spherical fits to the anterior and posterior corneal surfaces yielded radii of curvature. A single surface iris (aperture stop) with pupil diameter from Visante images was axially separated from the posterior corneal surface by the anterior chamber depth and iris thickness. Unaccommodated radii of curvature of the anterior and posterior crystalline lens surfaces, lens equatorial diameter, and lens equivalent refractive index were calculated for each subject using the age-dependent biometry relationships from prior studies.[@bib28]^--^[@bib30] Refractive indices of ocular media from the Gullstrand eye model were used.[@bib31] The lens equivalent refractive index was optimized in OpticStudio to match the model eye refraction to the WAM-5500-measured dilated spherical equivalent refraction. A single surface contact lens with a 5.5-mm-diameter clear central optic zone and 12-mm-diameter opaque annulus containing the dilated spherical equivalent refractive correction was located on the front of the cornea. The contact lens and the anterior corneal surface were separated by a central contact lens thickness measured using a thickness gauge (Createch/Rehder-dev Co, Chesterfield Township, MI, USA). A spherical retina (--12-mm radius) was located behind the anterior corneal surface by the measure of axial length.

For each subject, models were constructed with and without the annular contact lens. In each eye model, object rays from 0° (visual axis) to up to 90° in 1° steps in the temporal visual field (22,701 rays/field angle) were traced. For each field angle, we first quantified the proportion of image rays that reached the retina (unvignetted) to the total object rays at the entrance pupil plane of the model. For example, in the eye alone model, all rays that pass through the entrance pupil reach the retina (assume 100% transparency). However, in the eye + contact lens model, the contact lens aperture becomes the entrance pupil, and with increasing field angle rays that pass through the contact lens pupil can fail to pass through the iris pupil, reducing the proportion of rays reaching the retina. Second, to quantify the visual impact of vignetted rays on the retinal image, relative illuminance at each nasal retina eccentricity (retinal field angle subtended at the secondary nodal point) was calculated in OpticStudio by integrating rays across the exit pupil that arrive at each retinal location. With this second metric, factors such as off-axis aberrations and distance from the iris to the retina also contribute to the final retinal illuminance.

Results {#sec3}
=======

Sample pupil images, beam locations (circles), and visibility data (red or green) observed with and without the annular opaque contact lens for three field angles are shown in [Figure 3](#fig3){ref-type="fig"}. The effective horizontal pupil diameter of the phakic eye was reduced with the annular opaque contact lens for all field angles, and the eye pupil and the contact lens pupil became elliptical for large field angles due the approximate cosine compression of the two apertures.[@bib32] Also, because of the axial separation of the contact lens and eye entrance pupils, the effective pupil is limited by the temporal edge of the contact lens pupil and the nasal edge of the eye pupil, thereby reducing the effective horizontal aperture diameter.

![Sample data from a subject showing effective test beam positions with psychophysical responses (seen, *green circles*; not seen, *red circles*) for three field angles with and without the contact lens. Eye (and pupil) positions were monitored and marked at each frame to calculate effective beam positions. Effective aperture (pupil) edge, *yellow dotted lines*; aperture center, *yellow cross*; Purkinje image position, *red cross with yellow search box*; initial test beam position, *black* *x*. Off-axis pupil determination employed user-directed fitting of ellipses and examination of the video stream to reject false aperture boundaries created by internal system reflections (e.g., second low-contrast image that is ∼2 mm above the primary image in each panel).](iovs-61-5-24-f003){#fig3}

Sample psychophysical responses from a subject with and without the annular opaque contact lens for the 80° field angle are shown in [Figure 4](#fig4){ref-type="fig"}A. The range of beam positions (*x*-axis) where the beam was visible (*P* = 1) was reduced with the contact lens (orange lines), in agreement with the measured pupil image (dashed lines). Effective horizontal aperture diameter was calculated from the psychophysical responses for the beam visible 50% of time by calculating the average range of pointing beam positions (*x*-axis) where the beam was seen (*P* = 1) and not seen (*P* = 0). For all field angles, the aperture diameters (calculated from the images ([Fig. 3](#fig3){ref-type="fig"}) and psychophysical responses ([Fig. 4](#fig4){ref-type="fig"}A) were reduced with the aperture contact lenses compared to the eye alone in all three subjects ([Figs. 4](#fig4){ref-type="fig"}B--[4](#fig4){ref-type="fig"}D). The effective aperture diameters from the psychophysical responses with and without the annular contact lens were slightly larger than those measured directly from the images for most field angles because of the finite size of the test beam (0.55-mm diameter) and the variability associated with the detection criteria used by subjects. These results establish that rays passing through each point across the effective pupil diameter can be detected in the far peripheral retina in spite of reduced sensitivity[@bib13] and elevated optical aberrations.[@bib33]

![Sample psychophysical responses from the analyzed video frames ([Fig. 3](#fig3){ref-type="fig"}) from a subject with and without the contact lens (**A**). Responses from both test beam translations (temporal to nasal and back) were combined and plotted as a function of test beam positions at the eye plane. All subjects had reduced apertures with the contact lenses indicating vignetting from the opaque annulus of the contact lens (**B--D**). *Error bars* represent standard deviations from two measurements. Dashed lines above the psychophysical data show the pupil aperture size and location determined from camera images that were captured at each field location.](iovs-61-5-24-f004){#fig4}

Consistent with the vignetting model ([Fig. 1](#fig1){ref-type="fig"}), Goldmann bowl results showed approximately 10° reductions in the horizontal, inferotemporal, and superotemporal visual fields in all three subjects with the opaque annular contact lenses ([Figs. 5](#fig5){ref-type="fig"}A, [5](#fig5){ref-type="fig"}C, [5](#fig5){ref-type="fig"}E). No significant reduction in the inferior, superior, and nasal field extent was observed. Consistent with the Goldmann data, subjects reported seeing dark shadows only in the temporal and inferotemporal fields with the annular opaque contact lens (see the drawings made by each subject in [Figs. 5](#fig5){ref-type="fig"}B, [5](#fig5){ref-type="fig"}D, [5](#fig5){ref-type="fig"}F). Inter-subject differences in the perception of the dark shadow are anticipated because of eye-specific anterior segment biometry and contact lens position.

![Goldmann bowl traces of visual field extent with a III4e stimulus for the eye (*blue*) and eye + contact lens (*red*) (**A**, **C**, **E**). The *gray area* between the *red* and *blue traces* indicates the visual field loss with the annular opaque contact lens. Subjects also reported seeing the dark shadow (*gray area*) with the annular contact lens (**B**, **D**, **F**).](iovs-61-5-24-f005){#fig5}

Peripheral field light sensitivity data from individual subjects ([Figs. 6](#fig6){ref-type="fig"}A--[6](#fig6){ref-type="fig"}F) and mean data ([Figs. 6](#fig6){ref-type="fig"}G, [6](#fig6){ref-type="fig"}H) reveal almost no effect of the contact lens on visual sensitivity for field angles \< 70°. However, there was significant reduction in light sensitivity in the far temporal and inferotemporal fields and an inability to detect light beyond about 80°, which corresponds to both the field reductions observed in the Goldmann bowl and the subject drawings of their negative dysphotopsias ([Fig. 5](#fig5){ref-type="fig"}). Reductions in light sensitivity \> 2 standard deviations of measurement error (shown in gray) were observed at field angles larger than 70°.

![Visual sensitivity along the temporal (**A**--**C**) and inferotemporal (**D**--**F**) meridians from individual subjects and group mean (**G**, **H**) with and without contact lenses from the Octopus perimeter. All subjects had sensitivity loss beyond 80° and reduced sensitivities (*gray box*) in several field locations with the annular opaque contact lens. *Error bars* represent standard errors of the mean from three repeat measurements.](iovs-61-5-24-f006){#fig6}

The optical model of a sample eye without the contact lens ([Fig. 7](#fig7){ref-type="fig"}A) revealed full illumination of the pupil with rays originating from central and peripheral visual field locations (including 90°, red rays). The proportion of the pupil transmitting rays to the retina was quantified as the proportion of unvignetted rays in [Figure 8](#fig8){ref-type="fig"}A (black circles), which was 1.0 for the eye alone at all field angles. With the annular opaque contact lens on the cornea, the available aperture diameter was reduced to 5.50 mm. The same model with the annular contact lens ([Fig. 7](#fig7){ref-type="fig"}B) showed that along the optical and visual axes of the eye ([Fig. 7](#fig7){ref-type="fig"}B, blue and green rays) all rays that passed the contact lens aperture also passed through the iris aperture (8-mm diameter). Out to approximately 45° ([Fig. 7](#fig7){ref-type="fig"}B, yellow rays), all rays that passed through the contact lens pupil also passed through the iris pupil. However, beyond 45° in the temporal field, an increasing proportion of the rays passing through the contact lens pupil arrived at the nasal iris and were not transmitted to the retina. Additionally, rays from the far temporal field beyond 80° ([Fig. 7](#fig7){ref-type="fig"}B, red rays; [Fig. 8](#fig8){ref-type="fig"}A, colored circles) that would have passed through the iris pupil ([Fig. 7](#fig7){ref-type="fig"}A) were completely obstructed by the opaque contact lens annulus ([Fig. 7](#fig7){ref-type="fig"}B). [Figure 8](#fig8){ref-type="fig"}A quantifies this change by plotting the proportion of rays passing through the contact lens aperture that also passed the iris aperture as unvignetted rays.

![Optical model of a sample eye (subject 1) with no contact lens (**A**) and with the annular opaque contact lens (**B**). This eye was hyperopic, and the limiting aperture (7.58-mm eye pupil) was completely filled with on- and off-axis rays, resulting in 100% transmission (**A**). With the annular contact lens, the effective aperture was reduced to 5.50 mm, where rays in *yellow* were partially blocked by the opaque annulus. Notice that for the far temporal rays (90°; *red*) most rays were completely blocked by the contact lens; the few that made it through the contact lens were either totally internally reflected due to the high angle of incidence or blocked by the nasal iris (**B**).](iovs-61-5-24-f007){#fig7}

![Optical model estimates of the proportion of rays unvignetted (transmitted) (**A**) and the resulting illumination at the retina (**B**) with and without the contact lens from the three subjects. Retinal field angle refers to the angular location on the retina corresponding to visual field location in the object space. *Red dashed lines* with arrows show the limit of the temporal visual field with the contact lens where there was zero ray transmission and zero retinal illumination. (**C**) Non-linear relationship between the proportion of transmitted rays and relative retinal illumination from all subjects. (**D**) Mean proportion of sensitivity loss (Octopus data, ratio of thresholds with and without the contact lens) across the temporal visual field. Significant reduction in light sensitivity was observed beyond 70°, with a total loss of light detectability beyond 80°.](iovs-61-5-24-f008){#fig8}

The visual consequence of on- and off-axis ray transmission can be described by the relative retinal illumination metric. In the eye alone condition, the model revealed full retinal illuminance (≥1.0) ([Fig. 8](#fig8){ref-type="fig"}B, colored diamonds), mirroring the 100% ray transmission data from [Figure 8](#fig8){ref-type="fig"}A (black circles) combined with reduced distance from the pupil to the retina.[@bib23] With the eye + contact lens condition, full retinal illuminance was observed ([Fig. 8](#fig8){ref-type="fig"}B, colored circles) up to 45° due to full ray transmission ([Fig. 8](#fig8){ref-type="fig"}A, colored circles). Beyond 45°, retinal illuminance declined due to partial obstruction by the opaque annulus, leading to zero retinal illuminance beyond 80° due to total obstruction of far temporal rays. The optical model estimates of the proportion of unvignetted rays and retinal illumination were strongly correlated but non-linearly ([Fig. 8](#fig8){ref-type="fig"}C). Several factors affect the impact of stimulus location in the visual field on retinal illuminance (but not on proportion of unvignetted rays), including elevated off-axis aberrations,[@bib33] cosine compression of the pupil,[@bib32] and change in distance of the retina from the pupil.[@bib23] For the optical model, total far temporal ray obstruction and total loss of retinal illumination with the contact lens were observed for rays beyond 80° ([Figs. 8](#fig8){ref-type="fig"}A, [8](#fig8){ref-type="fig"}B, red dashed arrows) and this agreed well with the data from Goldmann ([Fig. 5](#fig5){ref-type="fig"}, red trace) and Octopus perimeter ([Fig. 8](#fig8){ref-type="fig"}D, red dashed arrows).

Discussion {#sec4}
==========

The experimental model of negative dysphotopsia using opaque annular contact lenses obstructed rays originating from the far temporal and inferotemporal fields creating the far temporal dark shadow in phakic eyes similar to that seen by post-cataract surgery patients that are symptomatic of ND. The subject drawings of the simulated ND ([Fig. 5](#fig5){ref-type="fig"}) were comparable to drawings by pseudophakic subjects who experience ND.[@bib4]^,^[@bib25]^,^[@bib34]^,^[@bib35] The subjective experience of simulated ND was present in the same field directions as the observed reduced sensitivity to light ([Figs. 5](#fig5){ref-type="fig"}, [6](#fig6){ref-type="fig"}) and the compression of the horizontal extent of the pupil ([Fig. 4](#fig4){ref-type="fig"}). These observations confirm that this perceptual phenomenon can be caused by vignetting of far temporal field rays, consistent with a key hypothesis to explain ND in post-cataract surgery eyes. These results also explain the field loss associated with contact lenses or corneal inlays that employ opaque surrounds.[@bib17]^,^[@bib18]^,^[@bib21] Ray tracing models of ND reveal that small differences in the location of far temporal field dark shadows are anticipated in our phakic model of ND because of eye-specific anterior segment biometry and contact lens positions. Likewise, eye-specific geometry in pseudophakic eyes (e.g., IOL and iris axial positions, anterior chamber depth) predicts the presence and location of dark shadows in the far nasal retina.[@bib5]^,^[@bib16]^,^[@bib36]

Reductions in visual sensitivity with increasing angles in the far temporal field ([Fig. 6](#fig6){ref-type="fig"}) are due to optical and neural factors. By plotting the ratio of sensitivities observed with and without the contact lens in place ([Fig. 8](#fig8){ref-type="fig"}D), we were able to isolate the impact of optical vignetting. The dramatic drop in visual sensitivity at 80° ([Fig. 8](#fig8){ref-type="fig"}D) caused by vignetting contrasts with the optical model predicted reductions in nasal retinal illumination for field angles beyond 45° ([Fig. 8](#fig8){ref-type="fig"}B). Reductions in retinal illuminance caused by vignetting equally attenuate both the stimulus luminance (Δ*L*) and the background luminance (*L*) during visual field testing, maintaining stimulus contrast. The 50% reduction in retinal illuminance between 45° and 70° ([Fig. 8](#fig8){ref-type="fig"}B) reduces the perimeter background luminance from 31.4 to 15.7 apostilbs, or 10 to 5 cd/m^2^, and also lowers the test probe luminance by the same factor, which would result in no change in detectability as long as Weber\'s law is applied (Δ*L*/*L* = *K*). Aulhorn et al.[@bib13] measured stimulus thresholds for several background luminances in the nasal visual field, revealing approximate Weber\'s law behavior at stimulus luminances similar to those employed in the Octopus perimeter (3--4000 apostilbs). Beyond 80°, the opaque annulus attenuated 100% of the light, consistent with the abrupt drop in visual sensitivity beyond 70° and complete failure to detect at eccentricities of ≥80°. As the effective background luminance dropped below 5 cd/m^2^ at eccentricities \> 70°, visual sensitivity decreased with decreasing retinal illuminance (as expected from the square root law, which manifests at lower photopic and mesopic light levels[@bib13]^,^[@bib37]), eventually making the maximum contrast test in the perimeter invisible. Consistent with the optical model by Holladay and Simpson,[@bib5] our results emphasize that reductions in nasal retinal illuminance likely exist at smaller field angles than the measured field loss.[@bib25]

The opaque annular contact lens used in this experimental model acted as a field stop, much like placing a pinhole in front of the eye. The result was reduced visual field extent due to the aperture size and axial position of the field stop, as well as the optical system behind the field stop---in this case, the eye. This finding, predicted by geometric optics, was supported by confirmation of the presence of a dark crescent in the far temporal and inferotemporal fields by all 10 subjects. Differences in eye/contact lens models could be introduced by changing the contact lens aperture, choosing eyes with varying anterior chamber depths, changing iris pupils, and selecting eyes with different vitreal chamber structures. However, due to the great challenges of collecting reliable psychophysical data at such large field angles, we concentrated on detailed data collection for a few eyes. As such, we failed to employ between-eye variability as a tool to understand the presence or absence of ND, which is a future project. The similarity of the detailed results of three subjects and the uniformity of the experience of our 10 subjects indicate that our approach is a reliable tool for generating far temporal field ND in the presence of the typical variability of ocular structures in normal healthy eyes.

Our experimental model emphasizes the ability of ray tracing to capture the key optical and retinal factors contributing to ND,[@bib5]^,^[@bib12] consistent with the hypothesis that the axial separation between the IOL and iris is the primary cause of ND in pseudophakic eyes.[@bib5]^,^[@bib12] As shown in Figure 4 of the Holladay and Simpson paper,[@bib5] the field angle over which rays fail to be imaged by the IOL and the presence of ND can be reduced by placing the IOL closer to the iris. For example, strategies such as reverse optic capture[@bib38] and implanting a piggyback IOL in the ciliary sulcus[@bib24] to move the IOL refractive surface closer to the iris have been successfully employed to resolve persistent ND. Patient education in all individuals undergoing surgery regarding the potential for short- or long-term ND is also prudent, so patients know what to expect. The opaque annular contact lens used in the current study provides a simple experimental model in which far temporal field ND can be induced and is a valuable tool for exploring neural adaptation to ND without the complicating factors of changing iris and IOL locations.
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[**[Supplementary Video S1]{.smallcaps}**](#iovs-61-5-24_s001){ref-type="supplementary-material"}. Sample image analysis of a video sequence from a subject without the contact lens. The test beam is 4° temporal to the visual axis. In each frame, the Purkinje image center with the search box (red cross and yellow box), pupil center (yellow cross), and initial test beam position (red circle with yellow x) are monitored and plotted. When the test beam is horizontally translated, notice that the subject initially does not see the beam (red circles) but then the beam is visible (green circles) across the pupil and is again not seen, as we expected. Subject responses of beam visibility were consistent in the return path, as well. For clarity, the test beam is shown to translate in 500-µm steps, and all beam positions (red/green circles) are plotted on the first frame after correcting for eye movements.

[**[Supplementary Video S2]{.smallcaps}**](#iovs-61-5-24_s002){ref-type="supplementary-material"}. Analyzed video sequence from the same subject as in Supplementary Video S1 showing test beam positions arriving from 80° temporal to the visual axis. For far temporal rays, notice that the effective entrance pupil aperture is reduced horizontally, resulting in an elliptical pupil. The temporal pupil edge is indistinct due to the topography of the peripheral cornea and limbus.
